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INTRODUCTION
The histogenesis of the mammalian cerebral cortex is severely affected by ionizing radia tion during critical periods of development','). Radiation induces cell death in the proliferative cell zone and a reduction in the size of the brain. In addition, radiation disturbs the migration pattern of neurons in the developing cerebrum. Low-dose X-irradiation in developing embryonic brains of rats') or mice 4) disturb neuronal migration during early histogenesis in prenatal and early postnatal periods. The migration of neuronal cells in the mouse cerebral cortex is also disturbed by continuous prenatal irradiation with low-dose y-rays'. However, it is not known whether low dose radiation disturbs the migration of granule neurons in the cerebellum. Moreover, the long term effects of irradiation on the architecture of cerebellar granule neurons have not been exten sively studied. It is known that the production of granule neurons in the mouse cerebellum hap pens predominantly 6 days after birth. The cells in this stage are thought to be sensitive to ioniz ing radiation. These circumstances have prompted us to investigate the short and long-term effects of low-dose irradiation during postnatal periods on the architecture of the mouse cerebel lar cortex by surveying the change in the distribution of neurons labeled with 5-bromo-2' deoxyuridine (BrdU) at various times after irradiation.
MATERIALS AND METHODS

Animals
Pregnant S Ic:B6C3F1 mice were purchased from SLC (Shizuoka, Japan) and maintained in a temperature and humidity-controlled animal facility with a light and dark cycle of 12 h. The day of vaginal plug formation was counted as 0 day of gestation. Animals were fed on a commer cial diet and given water ad libitum. Five to 14 mice per experimental group were used in this study (Table I) . All the animals were maintained in accordance with the guidelines governing the care and use of laboratory mice at the National Institute of Radiological Sciences.
Irradiation
BrdU (0.01 mg; Sigma, St. Louis, Missouri, USA) was dissolved in 0.01 ml saline and injected subcutaneously 6 days after birth 1 hour prior to irradiation. Animals were then irradi ated with X-rays at doses of 0.5, 1 or 2 Gy. The X-ray generator was operated at 200 KVp, 20 mA, with 0.5-mm Cu and 0.5-mm Al filters at room temperature. The distance betweeh the target and the center of the mice was 89 cm. The dose rate was 0.3 Gy/min. Non-irradiated control animals were killed at ages corresponding to irradiated mice ages. Brd U immunohistochemistrv Four um thich paraffin sections were cut midsagittally. Mid-sagittal sections through the cerebellar cortical area in the culmen were selected for study. After deparaffinization, tissue sections were treated with 1 % hydrogen peroxide (H,O,) to inactivate endogenous peroxidase, followed by 0.04% pepsin solution, and 2N hydrochloric acid solution at 40°C for 45 minutes. Samples were then neutralized with 0.1 M sodium borate solution (pH 8.5) for 10 minutes, incu bated for 60 minutes with anti-BrdU monoclonal antibody (Becton Dickinson, Franklin Lakes, New Jersey, USA) diluted 1:100, and rinsed three times for more than 15 minutes. Next, the samples were incubated in biotinated goat anti-mouse IgG-HRP diluted 1:200 for 60 minutes. After rinsing several times with phosphate buffered saline (PBS), the sections were incubated with a solution containing 3, 3'-diaminobenzidine (DAB, Dojin, Kumamoto, Japan, 0.5 mg/ml in Tris HCI buffer at pH 7.6) and 0.01% H2O-, for 10 minutes. All sections were thoroughly rinsed with PBS, dehydrated through a graded ethanol series, and covered under a coverslip with the synthetic medium, Entellan (neu).
Evaluation of neuronal migration
Photographs of the cerebellar cortex were taken near the center of the culmen, and the num ber of BrdU-labeled cells in the cerebellar cortex counted. Cells with heavily immunostained nuclei that obviously differed from the background were considered to be labeled. The number of BrdU-labeled nuclei was counted in five layers: the inner half of the inner granular layer (IGLI), the outer half of the inner granular layer (IGLO), the Purkinje cell layer (Pur), the molecular cell layer (Mol), and the external granular layer (EGL) of the cerebellar cortex. The number of BrdU labeled nuclei was counted in each layer of the cortex. Significance was examined by Student's t test.
RESULTS
In 6-day-old mice, almost all BrdU-labeled cells were in the EGL ( Fig. 1 A) . The cells aris ing 6 dyas after birth migrated inward to form the inner granular layer (IGL) and developed into constitutent neurons. At 4 days after BrdU-injection, labeled cells were predominantly observed in the IGL, and a small number of them were also observed in Pur, Mol and EGL ( Fig. 1B) . At 2 weeks after BrdU-injection, labeled neurons were predominantly observed in the IGL, and a small number of them were observed in the Pur and Mol (Fig. 1 C) . The EGL was not present at this stage.
The effects of X-irradiation on initial migration (4 days after irradiation) of neuronal cells arising 6 days after birth are shown in Figs. 2 and 3A . Approximately 90% of the BrdU-labeled cells were seen in the IGLI and IGLO of the control and the animals irradiated with 0.5 or 1 Gy ( Fig. 2A, B, C) . In contast, in the animals irradiated with 2 Gy (Fig. 2D) , the percentage of BrdU labeled cells in the IGLI was smaller than in the control (P < 0.05), whereas the percentage in the IGLO and Pur was greater than in the control (P < 0.05, Fig. 3A ). Fig. 3B shows the relative distribution of BrdU-labeled cells in the cerebellar cortex 2 weeks after X-irradiation. The EGL was not present at this stage. The relative distribution of BrdU labeled cells in animals irradiated with 0.5 Gy did not differ from that in the control, except that the percentage in the IGLO was samller (P < 0.05). In animals irradiated with 1 Gy, the percent age of labeled cells was smaller in the IGLI, but greater in the IGLO than in the control (P < 0.05). In addition, in animals irradiated with 2 Gy, the percentage of labeled cells was smaller in the IGLI, but greater in Pur than in control (P < 0.05).
The architecture of the cerebellar cortex 4 weeks after irradiation did not differ from that at 6 weeks. Therefore, data from 4 and 6 weeks was combined. Fig. 3C shows the relative distribu tion of BrdU-labeled cells in the cerebellar cortex 4-6 weeks after irradiation. The distribution of BrdU-labeled cells in animals irradiated with 0.5 Gy did not significantly differ from the control. In contrast, the percentage of labeled cells in animals irradiated with 1 or 2 Gy was smaller in the IGLI, but greater in the IGLO and Pur than in the control (P<0.05). Fig. 4 shows BrdU-immunostained sections of the cerebellar cortex of mice 4 weeks after irradiation. The number of labled cells decreased in the cortex of the animals irradiated with 0.5 Gy (Fig. 4B ) and 2 Gy (Fig. 4C) , as compared to the control (Fig. 4A ). Fig. 5 shows the changes in BrdU-labeled cell number in the cerebellar cortex after X-irradiation. Significant decreases in the number of BrdU-labeled cells per unit area of the cerebellar cortex sections were observed in irradiated mice (P < 0.05), except in animals irradiated with 0.5 Gy. In these mice, the number of labeled cells did not significantly decrease 2 weeks after irradiation. In all irradiated mice, how ever, the number of labeled cells decreased with time and dose. Fig. 4 . Photomicrograph of BrdU-immunostained sections of the cerebellar cortex of mice 4 weeks after X-irradiation.
Six-day-old mice were injected with BrdU 1 hour prior to X-irradiation. A; control, B; 0.5 Gy, C; 2 Gy. 
DISCUSSION
This study found that, in animals irradiated with 2 Gy 6 days after birth, an abnormal distri bution of BrdU-labeled neurons was observed at 4 days, and at 2 and 4-6 weeks after irradiation.
On the other hand, in animals irradiated with 1 Gy, abnormal distribution of BrdU-labeled cells was only observed at 2 and 4-6 weeks after irradiation. Irradiation with 0.5 Gy did not change the distribution of BrdU-labeled neurons. In 2 Gy-irradiated animals, labeled cells were observed more frequently in the IGLO and Pur, and less frequently in the IGLI 4 days after irradiation, as compared to the control, suggesting that irradiation causes a delay in the migration of post-mi totic neurons from the EGL to the IGL. This migratory abnormality was also found at 2 and 4-6 weeks after irradiation. Inouye et al." reported that migration of granule neurons was inhibited by whole-body irradiation with "Co y.rays on 6-day-old mice in a closed colony of Slc:ICR. The present results agreed with this, as the initial migration of granule neurons is inhibited by ioniz ing radiation. On the other hand, in the case of 1 Gy, abnormal distribution of BrdU-labeled cells were observed only at 2 and 4-6 weeks after irradiation. Since the distribution of labeled cells of I Gy-irradiated mice were not different from the control at 4 days after irradiation, this dosage probably does not cause an initial migratory delay, but causes a disorganized granule neuron architecture.
Since there was no change in BrdU-labeled neuron distribution after 0.5 Gy irradia tion, it is possible that a dosage threshold to cause migratory delay or abnormal distribution of granule neurons by X-irradiation exists. In the mouse cerebrum, it has been reported that the initial migration of BrdU-labeled cells from the matrix cell zone towards the cortical plate of the cerebrum during embryonic develop ment is delayed by X-ray exposure of 0.25, 0.5 or 1 Gy on day 14 of gestation, but these aberrantly placed neurons returned to normality in mature animals'. Although the differences between pre vious reports4) and this one cannot be fully explained at present, they might be attributed to differences in sensitivity to X-rays between cerebral and cerebellar neurons, the irradiation time (prenatal or postnatal), and/or microenvironmental differences. However, the precise action of radiation in cerebral or cerebellar neurons in unknown.
We have shown that the number of BrdU-labeled cells in the cerebellar cortex decreases after X-irradiation in a time and dose-dependent manner. These results suggest that X-irradia tion induces the death of granule neurons in the EGL. However, previous studies on the mouse cerebrum have shown that the number of BrdU-labeled cells in the cortex does not change after acute (0.1, 0.25, 0.5 and 1 Gy)4) or chronic (0.3, 0.9 and 2.82 Gy)s) exposure to X-rays4> or 'y rays'). Therefore, the present results suggest the possibility that mouse cerebellar neurons are more sensitive to X-rays than cerebral neurons.
The assumption that X-irradiation induces the death of granule neurons in the rodent cer ebellum is supported by previous reports showing that low-dose radiation induces cell death (apoptosis) in the cerebellum of mice" and rats"') in a time and dose-dependent manner. Fur ther research should include electron microscopic and biochemical studies on apoptotic changes in mouse cerebellar neurons after X-irradiation.
